Abstract Yellow passion fruit waste (YPFW) is an abundant food waste in Brazil, rich in carbohydrates. The aim of the present work was to obtain useful oxidative and hydrolytic enzymes. YPFW solid-state cultures were done using the food-grade white-rot fungi Pleurotus ostreatus, Pleurotus pulmonarius, Macrocybe titans, Ganoderma lucidum, and Grifola frondosa. Under the conditions used in this work, the main enzymes produced by the fungi were laccases, pectinases, and aryl-β-D-glycosidases (β-glucosidases, β-xylosidases, and β-galactosidases). Laccases were produced by all fungi, and in this respect, the YPFW was as good as substrate as wheat bran, the most commonly substrate used for white-rot fungi cultivation. M. titans was the best producer of pectinase in YPFW cultures, while P. ostreatus and P. pulmonarius were the best producers of aryl-β-glycosidases in both YPFW and wheat bran cultures.
Introduction
Food, agricultural, and forestry industries produce large amounts of wastes worldwide causing serious environmental problems. These wastes are rich in carbohydrates, and most of them are easily assimilated by microorganisms and for this reason can be used for their cultivation in solid-state fermentation (SSF). SSF can be simply defined as any fermentation process that allows growth of microorganisms on moist solid materials in the absence of free-flowing water (Couto and Sanromán 2006) . This type of process has been largely used to produce industrially relevant compounds including flavors, phenolic antioxidants, organic acids, polymers, enzymes, and antibiotics (Adeniram et al. 2010; Aguilera-Carbo et al. 2009; Couto and Sanromán 2006; Menoncin et al. 2010; Randhir et al. 2004; Singhania et al. 2009; Vattem et al. 2004) . The use of microorganisms that are generally recognized as safe (GRAS) for reprocessing waste and for producing relevant compounds will certainly enhance the confidence in the bioprocess. The food-grade white-rot fungi appear as natural candidates for being used in fermentation processes (Ghorai et al. 2009 ). These fungi have the peculiar capability to synthesize a series of relevant hydrolytic and oxidative extracellular enzymes such as cellulases, xylanases, laccases, and peroxidases. The potential application of these enzymes in biotechnology has stimulated investigations for selecting promising enzyme producers and for finding convenient substrates to obtain large amounts of low-cost enzymes.
Wheat bran is the most commonly used substrate for the cultivation of white-rot fungi. However, the list of possibilities is very large and includes several lignocellulolytic wastes such as cane bagasse, corn cob, wheat straw, oat straw, rice straw, and food processing wastes such as banana, kiwi fruit, and orange wastes (Couto 2008; Holker et al. 2004) . Even so, it is worth to search for new substrates, especially if they are available in large amounts, allow the growth of white-rot fungi without further supplementations, and facilitate obtainment of valuable products.
Yellow passion fruit (Passiflora edulis flavicarpa) is the edible fruit of a South America native plant, which is also widely grown in many tropical or subtropical areas. Other common names for passion fruit are maracuya, marcha (Spanish), and maracujá (Portuguese). It has a soft to firm juicy interior, filled with numerous seeds. Brazil is the largest yellow passion fruit producer. In 2004, the annual production was 491,619 ton (AGRIANUAL 2007) . The country has since long had a well-established yellow passion fruit juice industry with large-scale extraction plants for export to several parts of the world (Dhawan et al. 2004) . During industrial production of the passion fruit juice, several thousands of fruit barks are discharged, being considered organic waste. This material is particularly rich in pectin, represents around 52% of the fruit weight, and presents a moisture content of 88% (Cordova et al. 2005) . Because of the significant juice production, the peels, as a major waste, have become a substantial burden to the environment. Hence, it is necessary to find a feasible way to transform the peels into useful products or to dispose adequately of them, seeking a positive environmental impact. Until now, the main use of the passion fruit waste in Brazil is as a supplementation to animal rations. However, its high moisture content generates many transport and storage problems. Some recent studies have proposed other uses for the yellow passion fruit peel, including its use in the biosorption of dyes (Pavan et al. 2008) , for pectin production (Kulkarni and Vijayanand 2010) , and as source of dietary fiber (Yapo and Koffi 2008) . In spite of these possibilities, the industrial passion fruit wastes still remain mostly without use.
Taking these considerations into account, the objective of this work was to investigate the potential of yellow passion fruit peel as a support substrate for the production of hydrolytic and oxidative enzymes by several food-grade white-rot fungi, under SSF conditions. Considering that the substrate is responsible for the greatest part of the production costs, the use of this type of support could mean an important production cost reduction of industrially relevant enzymes. In order to facilitate comparison and evaluation of the applicability of this new substrate, parallel experiments were conducted with the traditionally used substrate wheat bran. To our knowledge, this is the first report of the use of yellow passion fruit peel as a substrate in the production of enzymes.
Material and Methods

Waste Material
Yellow passion fruit (Passiflora edulis) rinds were obtained from local producers. The passion fruit rinds were washed and dried in an air-circulating oven at 50°C until their weight became constant. The dried peels were then milled, and the resulting product was used as substrate. Wheat bran was obtained from the local market and used without modification. The passion fruit rind and wheat bran were analyzed for moisture, lipid, crude protein (N × 6.25), total ash contents (AOAC 2002) , and soluble and insoluble dietary fiber contents (AACC 1999), expressed as g/100 g (dry basis). All the analyses were carried out in triplicate. The carbohydrate contents were calculated by difference.
Microorganisms and Inoculum
Ganoderma lucidum, Pleurotus ostreatus, Pleurotus pulmonarius, and Grifola frondosa were obtained from the Culture Collection of the São Paulo Botany Institute. Macrocybe titans was obtained from the Culture Collection of Empresa Brasileira de Pesquisa Agropecuária (EMBRAPA), Colombo, PR. The microorganisms were cultured on potato dextrose agar (PDA) Petri dishes for up to 2 weeks at 28°C. When the Petri dishes were fully covered with mycelia, plugs measuring 10 mm in diameter were made and used as inoculum for solid-state cultures.
Culture Conditions
The cultures were performed in cotton-plugged Erlenmeyer flasks (250 ml) containing 8 g of yellow passion fruit waste (YPFW) or 8 g of wheat bran and 25 ml of mineral solution (Vogel 1956 ). Prior to use, the mixtures were sterilized by autoclaving at 121°C for 15 min. Inoculation was done directly in the Erlenmeyer flasks. Erlenmeyer flasks received three mycelial plugs and were incubated statically for 2 weeks under an air atmosphere at 28°C and in complete darkness.
Enzyme Extraction
Crude extracts were obtained by adding 40 ml of water to the contents of each flask. This was followed by stirring for 30 min at 8°C and afterward by filtering and centrifuging (10 min at 3,000 rpm). The supernatants were stored at −20°C until use.
Enzyme Assays
Laccase activity (EC 1.10.3.2) was measured with 2,2'-azino bis (3-ethylbenzthiazoline-6-sulphonic acid; ABTS) in 50 mM sodium acetate buffer (pH 4.5). Oxidation of ABTS was determined by the increase in A 420nm (ε=36 mM −1 cm −1 ) (Hou et al. 2004) . Mn peroxidase activity (MnP; EC 1.11.1.13) was assayed spectrophotometrically by following the oxidation of 1 mM MnSO 4 in 50 mM sodium malonate, pH 4.5, in the presence of 0.1 mM H 2 O 2 . Manganic ions, Mn
3+
, form a complex with malonate, which absorbs at 270 nm (ε=11.59 mM
; Wariishi et al. 1992 ). The lignin peroxidase activity (EC 1.11.1.14) was determined by spectrophotometric measurement at 310 nm of the H 2 O 2 -dependent veratraldehyde formation (ε=9.3 mM
) from veratryl alcohol (Tien and Kirk 1984) . Endo-β-D-1,4 glucanase (EC 3.2.14), exo-β-D-1,4 glucanase (EC 3.2.1.91), endo-β-D-1,4-xylanase (EC.3.2.18), total amylase (E. C.3.2.1.1 and 3.2.1.2), and pectinase as polygalacturonase (EC 3.2.1.15) activities were determined by measuring the reducing sugars released from carboxymethylcellulose, crystalline cellulose, oat xylan, starch, and polygalacturonic acid, respectively, as substrates, in 50 mM sodium acetate buffer, pH 5.0. The released reducing sugars were quantified by the 3,5-dinitrosalicylic acid reagent (Miller 1959 ) using glucose, xylose, or galacturonic acid as standards. The activities of β-glucosidase (EC 3.2.1.21), β-xylosidase (EC 3.2.1.37), and β-galactosidase (EC 3.2.123) were determined in 50 mM sodium acetate buffer, pH 5.0, by measuring pnitrophenol release from p-nitrophenyl-β-D-glucopyranoside, p-nitrophenyl-β-D-xylopyranoside, and p-nitro-phenyl-β-Dgalatopyranoside, respectively (Lenartovicz et al. 2003) . All enzymes were determined at 40°C. Enzyme activities were expressed as international enzymatic units (U, μmol min
−1
).
Other Analytical Methods
The biomass content was measured by the colorimetric method of Scotti et al. (2001) , based on glucosamine estimation of the fungal cell wall. The total and reducing carbohydrates in the culture filtrates were determined by the phenol sulfuric (Dubois et al. 1956 ) and dinitrosalicylic acid (Miller 1959 ) methods, respectively, and expressed as glucose equivalents. Total phenolic compounds were quantified according to the method of Singleton and Rossi (1965) and expressed as gallic acid equivalents. The determination of flavonoids was performed according to the colorimetric assay described in Zhishen et al. (1999) and expressed as catechin equivalents. Soluble proteins were estimated using the method of Bradford (1976) with bovine serum albumin as standard.
Experimental Design and Statistical Analysis
The experimental outline used for enzyme production was entirely random in a factorial experiment based on 2×5 (2 substrates and 5 white-rot fungi) with a total of 10 experiments and three repetitions for each one. In experiments using YPFW in natura as substrate, a 4×10 block design (4 whiterot fungi and 10 time of cultivation) was used with a total of 40 experiments and three repetitions for each one. The data were analyzed by Student's t test, and one-way ANOVA with Tukey's multiple comparison test (p<0.05) using the Graph Pad Prism Program (Graph Pad Software, San Diego, USA). Table 1 shows the composition of the YPFW and wheat bran (WB). The YPFW has lower protein content and higher carbohydrate content than WB. After 2 weeks, all media were completely colonized by mycelial biomass. Fungal chitin hydrolysis into N-acetylglucosamine was used to determine the fungal biomass (Fig. 1) . This analysis showed that P. ostreatus, P. pulmonarius, M. titans, and G. lucidum had similar growth in both passion fruit waste and wheat bran solid systems, while the biomass production by G. frondosa in the YPFW system was significantly lower than that produced in the wheat bran system.
Results
The production of 11 hydrolytic and oxidative enzymes was evaluated in the fungal culture extracts using yellow passion fruit waste and wheat bran (Table 2) . Among oxidative enzymes, all cultures presented high laccase activity in both substrates, YPFW (ranging from 6,040 to 10,200 U/L) and WB (ranging from 5,900 to 10,900 U/L) with the exception of the G. frondosa cultures (1,500 U/L in YPFW and 1,830 U/L in WB). Although the Mn peroxidase activity was detected in all culture filtrates, it was significantly lower than that of laccase. The best producer of Mn peroxidase was P. pulmonarius (220 U/L) followed by P. ostreatus and M. titans. No lignin peroxidase activity was detected in the culture filtrates. Among the polysaccharide depolymerase enzymes, pectinase appears to be the main enzyme produced by all species, especially in YPFW cultures, being M. titans the best producer (1,720 U/L). Low levels of endoxylanase and no exo-and endocellulase activities were observed in all YPFW extracts. In WB cultures, the production of endoxylanase was higher, especially by P. ostreatus, P. pulmonarius, and G. lucidum. All extracts (from YPFW and WB cultures) presented high levels of aryl-glycosidases (β-glucosidase, β-xylosidase, and β-galactosidase).
Compositions of the aqueous extracts before and after fermentation of the yellow passion fruit waste and wheat bran are presented in Table 3 . The content of reducing carbohydrates was almost 20 times higher in yellow passion waste than in wheat bran, while the protein content was almost six times lower. After 14 days of fermentation, significant decreases in total and reducing sugars as well as in the phenolic and flavonoid contents were observed in all cultures. The amount of soluble proteins in the extracts was improved up to 821%, being more pronounced in yellow passion waste cultures. nd not detected Figure 2 shows the results obtained in yellow passion waste cultures using the substrate in natura. In this case, the substrate was milled but used with its natural moisture (85± 2.0%). The use of the substrate in this form, without dehydration, is certainly advantageous in economic terms. Concentrated mineral solution was used to obtain the same salt concentrations used in the previous experiments of this work ( Table 2 ). The productions of three enzymes, laccase, beta-galactosidase, and pectinase, were evaluated in this condition for four white-rot fungi, G. lucidum, M. titans, P. ostreatus, and P. pulmonarius. In this condition, all fungi efficiently produced laccase, M. titans was the best producer of pectinase, and P. ostreatus and P. pulmonarius were the best producers of beta-galactosidase.
Discussion
Food-grade white-rot fungi, including those utilized in the present study, have been the object of intense research especially for two reasons. First, several nutritional and pharmacological activities have been attributed Fig. 2 Comparative production of laccase, beta-galactosidase, and pectinase by white-rot fungi in yellow passion fruit waste in natura (initial moisture content of 85.0±2.0%). In this experiment, the yellow passion fruit was milled without previous drying. Concentrated mineral solution was added to the cultures to obtain the same concentration as those cultures of Table 2 . G. lucidum (unfilled circles), M. titans (filled circles), P. ostreatus (filled squares), P. pulmonarius (unfilled squares). The results represent the mean value± standard deviation of three independent experiments to their molecular constituents (Chang 2008) . Second, due to the fact that fungi are able to produce ligninmodifying enzymes, they can be useful in several biotechnological processes (Gao et al. 2010 ). In the context of biotechnological application, solid-state fermentations have shown to be particularly suitable for the production of enzymes by filamentous fungi, including the white-rot fungi (Holker et al. 2004 ). The solid-state fermentations reproduce the natural living conditions of those microorganisms, leading the production of enzymes with high productivity and low costs. The selection of an adequate support for performing solid-state cultivation is very important since the success of the process depends on it. The results obtained in this work showed that, among the five edible white-rot fungi tested, all of them were able to grow under solid-state conditions using yellow passion fruit rind as substrate, and the fungal biomasses produced were comparable with those produced in WB cultures, with the exception of G. frondosa. The evaluation of fungal growth was done through determination of glucosamine contents, considering that in conventional solid state systems, direct determination of biomass is very difficult due to the problem of separation of the microbial biomass from the substrate. This is especially true for solid-state processes involving fungi, because the fungal hyphae penetrate into and bind tightly to the substrate. In this case, the evaluation of fungal growth can be carried out using microscopic observations, or by determination of protein and glucosamine contents, among other indirect methods (Ooijkaas et al. 1998) .
SSF has been considered as an efficient method for enzyme production due to its potential advantages, high productivity, and low cost. However, due to the differences in the processes of cultivation and extraction of enzymes, scientific evaluation and comparison of our results with those in the literature are difficult (Holker et al. 2004) . For this reason, to facilitate the necessary evaluation of the applicability of this new substrate YPFW, parallel experiments were conducted with the traditionally used substrate WB. Comparison of the production of enzymes in YPFW and WB cultures demonstrates clearly the potential of YPFW as a useful substrate to be used in solid-state cultures of white-rot fungi with the objective of producing hydrolytic and oxidative enzymes. In some cases (Table 2) , significantly higher productions of enzymes were obtained in the YPFW cultures in comparison with those in WB cultures. In other cases, WB was a better substrate than YPFW. However, even in these cases, the production of enzymes by white-rot fungi in YPFW cultures was within the same order of magnitude as that in WB.
The main oxidative enzyme produced in both, YPFW and WB cultures, was laccase. This fact is in agreement with the general observation that laccases are more widely distributed among white-rot fungi than peroxidases. Especially P. ostreatus, P. pulmonarius, and G. lucidum are wellstudied white-rot fungi, and laccase has almost ever been described as the main ligninolytic enzyme for these species (Arora and Sharma 2010) . However, to our knowledge, this is the first report of laccase production by M. titans, and according to our results, this fungus presents a great potential as laccase producer. M. titans, formerly named Tricholoma titans (Bigelow and Kimbrough 1980) , is a basidiomycete found in tropical areas, including Brazil. The highest levels of laccase found in the yellow passion fruit waste system may be resulting from the presence of phenolic compounds in this medium. Phenolic compounds are usually described as very efficient laccase inducers (Souza et al. 2004) , and several phenolic compounds, including flavonoids, are present in yellow passion fruit juice (Talcott et al. 2003) .
Analysis of the substrate before and after the fermentation revealed that, in spite of a pronounced decrease in total and reducing sugars at the end of the cultivation, a considerable amount of reducing sugars was still present. Generally, the expression of depolymerizing enzymes (cellulose, xylanase, and pectinase) is repressed by reducing sugars in white-rot fungi (Singh et al. 2009 ). The persistent presence of reducing sugars could thus be the main reason for the low activities of these enzymes in the cultures. It should be stressed, however, that both β-glucosidase and β-xylosidase, also involved in the hydrolysis of cellulose and xylan, respectively, were found at considerable levels in all culture filtrates.
The results presented in this work show that at least four white-rot fungi (M. titans, G. lucidum, P. ostreatus, and P. pulmonarius) are able to produce two other enzymes that are very important to food industries when grown in yellow passion fruit waste, pectinase, and beta-galactosidase. The available information about these enzymes by white-rot fungi is very scarce. However, a few studies have demonstrated that the pectin-degrading enzymes are relatively common in white-rot fungi including P. ostreatus and Lentinus edodes (Rashad et al. 2009; Zheng and Shetty 2000) . Pectinases present a series of commercial applications, and the fungi employed in commercial production belong to Aspergillus species, mainly Aspergillus niger (Kashyap et al. 2001) . In relation to the capability of white-rot fungi to produce β-galactosidase, information is even scarcer. Our results showed that all white-rot fungi are potential β-galactosidase producers, especially P. ostreatus and P. pulmonarius. Free and immobilized preparations of β-galactosidases have been exploited in various applications such as industrial, biotechnological, medical, analytical, and several others (Husain 2010) . The discovery of new β-galactosidase producers among edible fungi presents a highly attractive perspective for the food industry.
Additionally to the production of enzymes, the fermentation of yellow passion fruit waste showed a huge potential to produce single-cell protein (SCP). Several crop residues have been used for protein enrichment and SCP production by white-rot fungi (Jwanny et al. 1995; Nigam and Singh 1996; El-Sayed et al. 1994; Zadrazil et al. 1996) . The interest in food-grade white-rot fungi as sources of protein comes from the fact that they have been used for thousands of years without side effects. Their taste and aroma are pleasant for humans. Evidently, further experiments must be done to evaluate the nutritional properties of proteins produced under these conditions.
Conclusion
In this work, yellow passion fruit waste was used for the first time as substrate for enzyme production by white-rot fungi. They exhibited a good ability of colonization and good mycelial growth, comparable with those found in wheat bran systems. In addition to laccase, an important and well-characterized enzyme from white-rot fungi, other enzymes such as pectinase and the aryl-β-glycosidases (β-glucosidase, β-xylosidase, and β-galactosidase) were produced. The levels of enzyme activities described in this work do not necessarily represent the optimum production conditions for each white-rot fungus, considering that only a single fungal culture condition and a single enzyme assay condition were used. Further studies with the aim of optimizing the culture conditions and enzyme assays for each species are being conducted in our laboratory.
